Surgery, radiation and chemotherapy are currently the most commonly used cancer therapies. Hyperthermia has been shown to work effectively with radiation and chemotherapy cancer treatments. The major obstacle faced by previous hyperthermia techniques has been the inability to deliver heat to the tumor in a precise manner. The ability to deliver cytotoxic hyperthermia to tumors (from within individual cells) via iron oxide magnetic nanoparticles (mNP) is a promising new technology that has the ability to greatly improve the therapeutic ratio of hyperthermia as an individual modality and as an adjuvant therapy in combination with other modalities. Although the parameters have yet to be conclusively defined, preliminary data suggests mNP hyperthermia can achieve greater cytotoxicity (in vitro) than conventional water bath hyperthermia methods. At this time, our theory is that intracellular nanoparticle heating is more effective in achieving the combined effect than extracellular heating techniques.
INTRODUCTION

Background
Within the past 30 years, the use of hyperthermia as a cancer therapy has achieved limited success, using a number of thermal delivery techniques. While some increased thermal sensitivity may exist in neoplastic tissues, this difference is * Alicia.A.Petryk@Dartmouth.edu; phone 603-381-5353 not significant or consistent enough among tumors to allow for imprecise delivery of heat, and has been the fundamental difficulty faced by previous hyperthermia-based treatments. 2, 3 mNP hyperthermia has the potential to deliver significantly more focused heat to the cancerous tissue, either through direct injection of untargeted mNP or through anti-body directed systemic delivery. Previous efforts to improve treatment efficacy of hyperthermia-based treatments (produced by means such as microwaves, whole body hyperthermia and ultrasound) have included the use of hyperthermia as part of an adjuvant therapy, specifically in conjunction with chemotherapy and/or radiation 4, 5, 6 The goals of this study are: 1) to determine if there is an improvement in therapeutic effect when a mild mNP-based thermal dose is delivered in conjunction with systemic chemotherapy. 2) to determine if there is a difference in thermal effect when hyperthermia is induced with mNP or microwaves. Both the thermal (CEM 60) and chemotherapy doses delivered in these experiments are significantly lower than those which would be used in optimized therapeutic conditions, in order to examine the potential potentiation of the adjuvant therapy. It should be noted that mNP activation was initiated prior to significant cellular uptake (under 5% mNP located intracellular), which improves therapeutic effect in vitro. 
Thermal dose
We use the cumulative equivalent minute relationship developed by Sapareto and Dewey to determine the delivered thermal dose. The relationship described is shown below. 9 This method allows for greater therapeutic repeatability as it is based on biologic thermal effects. However, we acknowledge that the unique properties of mNP hyperthermia may result in tissue effects different than those predicted by global temperatures measured in the tissue alone. We predict that these differences will be most significant with altered mNP distribution through tumor tissue, environmental alterations and increases in mNP uptake within the cells, with or without antibody targeting.
Chemotherapy and hyperthermia
Many chemotherapeutics have shown to have positive interaction with therapeutic hyperthermia. Proposed mechanisms of interaction have included, but are not limited to, increased rates of alkylation, inhibition of repair of single strand DNA breaks, and increases in drug uptake and varies with chemotherapy type. 10 CDDP and related agents are chemotherapies which have been well established as strong candidates for clinical hyperthermia-adjuvant therapies.
11,12
While we believe CEM is a good predictor of thermal dose and tumor response, it is important to understand that additional consideration must be taken into account when hyperthermia is used in conjunction with chemotherapy. Not only is the interaction of hyperthermia and CDDP influenced by thermal dose, it is affected by blood flow. If temperatures or CEM are too high, reduction of blood flow and drug deposition can occur. Mild hyperthermia has been shown to increase blood flow and deposition, both during and after hyperthermia. 
METHODS
Magnetic Nanoparticles
The mNPs used in these experiments are composed of Fe 3 O 4 cores with a biocompatible hydroxyethyl starch coating. These mNPs have an average hydrodynamic diameter ranging between 100 and 120 nm and are manufactured by MicroMod GmBH, Rostock, Germany and were prepared in suspension. mNPs produce heat via hysteresis when exposed to an alternating magnetic field.
Tumor inoculation and measurement
MTGB cells, a mouse mammary adenocarcinoma, first isolated by Clifton et al., 16 were injected intradermally (100µl) in the right rear flank of C3H mice (Charles River, Wilmington, MA). Cells were suspended at a concentration of ten million cells per ml in 1x Alpha MEM. Tumors were treated when they reached a volume of 150 mm 3 +/-40 mm 3 . After treatment, tumors were measured every other day until their volume reached three times their initial treatment volume, which was the study endpoint. Volume was calculated using the measured perpendicular diameters of the ellipsoidal tumor, found with digital calipers. The equation of volume used is listed below. 
Chemotherapy
CDDP (Teva Parenteral Medicines, Inc., Haarlem, Netherlands) was administered IP, one hour prior to hyperthermia, at 5 mg/kg.
mNP injection
7.5 mg of Fe (total mNP concentration of 42 mg/mL, containing 28 mg of Fe/mL) was injected per cm 3 of tumor, in four equal quadrants. mNP injections took place 10 minutes prior to AMF exposure.
Administration of AMF, temperature recording and thermal dose
The AMF field was generated by a water cooled, whole body circular coil (Fluxtrol Inc., Auburn Hills, MI) powered by a Huttinger TIG 10/300 generator operating at 170 KHz and 450 Oe and a constant temperature of 30° C (chiller /TekTemo Instruments Inc.). Mouse rectal and tumor temperatures were recorded throughout the treatment using FISO fiber optic probes (FISO Inc., Quebec, Canada). At the initiation of treatment, the core body temperatures of the mice were 36°C ± 1°C. CEM was calculated real-time. Core body temperatures were held below 41.5°C. Mice were anesthetized using 1-3% isoflurane gas and 95% O 2 . 
Administration of microwave, temperature recording and thermal dose
The microwave applicator utilized for tumor treatment was modified from its original purpose as a microwave thermal keratoplasty device. 17 It consists of an open-ended pair of coaxial conductors, driven by a 915 MHz microwave generator. The applicator surface, made of vinyl, is cooled by circulating water as illustrated in the image below (figure 4). The device is technically a near field applicator, not an antenna, because the spacing between the microwave conductors is much shorter than the wavelength at 915 MHz. The penetration depth of the microwave energy is therefore not dependent on the frequency used, instead it is dependent upon the spacing between the conductors. 19, 20 This applicator was designed to apply sub-millimeter energy penetration over short durations (2 seconds) to prevent thermal conduction. 21 The device was used in these experiments to provide uniform heating by taking advantage of thermal conduction through the entire tumor, by utilizing long treatment durations (20-30 minutes) . Through the use of tissue equivalent phantoms, ex vivo samples and characterization of in vivo specimens, it was determined that the global thermal profile of the tumors treated with microwave hyperthermia was comparable to that generated with mNP (heating immediately after injection).
An injection of PBS corresponding to the volume of mNP was used as a control. As with mNP hyperthermia, temperature measurements were recorded in three tumor positions, and the rectum (core temperature). The central CEM of the tumor acted as the treatment duration determinate. Core temperatures were maintained within 38°C ± 2°C. 
RESULTS
These data suggest that the combination of mNP hyperthermia and CDDP result in tumor treatment efficacy that is 18% greater than CDDP alone and 61% greater than mNP hyperthermia alone. Preliminary data examining the regrowth delay of mNP hyperthermia immediately after mNP injection and microwave hyperthermia suggests that the thermal effects generated by both methods are similar. 
CONCLUSIONS
Our data suggests the combination of mNP hyperthermia and standard CDDP chemotherapy is as safe and a more effective tumor treatment (tumor regrowth delay) than mNP hyperthermia, microwave hyperthermia or CDDP alone at similar doses. It is important to note that the mNP therapy used in these experiments was based on the extracellular location of the mNP, which according to "in press" data from our group is less efficient and less effective than intracellular mNP hyperthermia (at the same mNP/AMF levels). As such, cellular uptake of mNPs becomes a very important aspect and variable of this treatment. Additional data from our group suggests an increase in mNP may be acquired through decreases in intratumoral pressures, optimization of incubation times (both mNP and CDDP), antibody targeting and /or radiation.
Our data further suggests that interstitial /extracellular mNP hyperthermia and externally delivered 915 MHz microwave hyperthermia, delivered to the same thermal dose (0.3 mm fiber-optic intratumoral temperature assessment) result in a very similar tumor treatment effect. Although the effects of extracellular mNP hyperthermia cancer treatment compare favorably with, or are likely superior to, microwave heating, via improved targeting, the most significant advances in therapeutic ratio (outcome and safety) will likely come from the combination of intracellular heat and systemically delivered chemotherapy.
